The Drosophila transcription factor Grainyhead regulates several key developmental processes. Three mammalian genes, CP2, LBP-1a and LBP-9 have been previously identified as homologues of grainyhead. We now report the cloning of two new mammalian genes (Mammalian grainyhead (MGR) and Brother-of-MGR (BOM)) and one new Drosophila gene (dCP2) that rewrite the phylogeny of this family. We demonstrate that MGR and BOM are more closely related to grh, whereas CP2, LBP-1a and LBP-9 are descendants of the dCP2 gene. MGR shares the greatest sequence homology with grh, is expressed in tissue-restricted patterns more comparable to grh and binds to and transactivates the promoter of the human Engrailed-1 gene, the mammalian homologue of the key grainyhead target gene, engrailed. This sequence and functional conservation indicates that the new mammalian members of this family play important developmental roles. q
Introduction
Many of the seminal insights into developmental processes have come from studies in Drosophila where stimulatory and inhibitory influences are finely balanced to determine body patterning. One regulatory gene critical to this balance encodes the transcription factor Grainyhead (also known as NTF-1 or Elf-1) Dynlacht et al., 1989; Johnson et al., 1989; Bray and Kafatos, 1991) . This factor was first identified through its ability to bind a cis element mediating transcriptional activation of the Dopa decarboxylase gene (Johnson et al., 1989) . During development, grainyhead is initially involved in dorsal/ventral and terminal patterning of the newly fertilised embryo through the formation of multiprotein complexes that repress transcription from the decapentaplegic, tailless, and zerknüllt genes Liaw et al., 1995) . Later grainyhead is predominantly expressed in the embryonic central nervous system and in cuticle-producing tissues, where it binds to promoters and influences transcription from other developmentally regulated genes including engrailed, fushi tarazu, and Ultrabithorax Dynlacht et al., 1989; Biggin and Tjian, 1988; Soeller et al., 1988; Dynlacht et al., 1991; Uv et al., 1994) . The importance of grainyhead in Drosophila development is emphasised by the embryonic lethal phenotype observed in flies carrying mutations in this gene. These embryos have flimsy cuticles, grainy and discontinuous head skeletons and patchy tracheal tubes (Bray and Kafatos, 1991) . The lack of patterning defects in these mutant embryos is due to the maternal provision of Grainyhead during early embryogenesis. This is evidenced by in situ hybridisation studies, which show grainyhead mRNA synthesis during oogenesis with deposition in the developing oocyte, and the expansion of the tailless expression domain observed in embryos derived from females carrying grh 2 germ-line clones Liaw et al., 1995) . Recently, a neuroblast-specific isoform of the protein that arises from alternate splicing has also been identified. A mutation that abolishes this isoform results in pupal and adult lethality with flies demonstrating incoordinate movements (Uv et al., 1997) .
At the time of initiation of this study, two mammalian homologues of grainyhead, LBP-1a (known as NF2d9 in mice) and CP2 (also known as LBP-1c and LSF) had been identified and characterised (Jones et al., 1988 , Wu et al., 1988 Kato et al., 1991; Lim et al., 1992; Yoon et al., 1994; Sueyoshi et al., 1995) . Subsequently, another human CP2-like gene, LBP-9 (known as CRTR-1 in mice) was identified as binding to the cholesterol side-chain cleavage enzyme P450scc promoter (Huang and Miller, 2000; Rodda et al., 2001) . Another related gene, LBP-32, was also identified in this screen, but has not been characterised (Huang et al., 2000) .
LBP-1a and CP2 were initially defined as transcriptional activators of the SV40 and human immunodeficiency virus (HIV) promoters (Garcia et al., 1987; Kim et al., 1987; Huang et al., 1990) . However, subsequent studies have implicated them in a wide variety of cellular and developmental events, which include T-cell proliferation, globin gene expression and steroid biosynthesis (Sueyoshi et al., 1995; Jane et al., 1995; Volker et al., 1997; Zhou et al., 2000) . Homodimeric binding sites for CP2 and LBP-1a have been identified in promoters of target genes such as c-fos, ornithine decarboxylase (Volker et al., 1997) , murine a-globin (Lim et al., 1992) , major histocompatibility complex class II (Bellorini et al., 1996) and mouse thymidylate synthase (Shirra and Hansen, 1998) . In addition, CP2 and LBP-1a form heteromeric complexes involved in the regulation of the human g-globin (Jane et al., 1995; Zhou et al., 2000) and murine steroid 16a-hydroxylase genes (Sueyoshi et al., 1995) . The developmental roles of CP2 and LBP-1a have recently been explored in expression studies in murine embryogenesis. These in situ analyses reveal ubiquitous expression of both genes, unlike the highly restricted pattern observed with grainyhead in Drosophila Dynlacht et al., 1989; Bray and Kafatos, 1991; Ramamurthy et al., 2001 ). This observation, coupled with the modest degree of sequence homology between grainyhead and CP2/LBP-1a/LBP-9 led us to postulate the existence of an additional mammalian factor(s) which may represent closer homologue(s) of grainyhead. In this manuscript, we report the identification and characterisation of this factor that we have named Mammalian grainyhead (MGR). We also report the identification of a novel Drosophila gene, the closest fly homologue of CP2, LBP-1a and LBP-9. The identification of these genes establishes a large grainyhead-like family of developmental genes, highly conserved from Drosophila to man.
Results

Cloning of two novel mammalian members of the grainyhead-like family of transcription factors
Although CP2, LBP-1a and LBP-9 have previously been identified as homologues of Drosophila grainyhead, their widely divergent expression patterns coupled with the modest levels of sequence homology suggested the presence of an alternate mammalian gene(s), which may fulfil this role more closely. In view of this, we performed sequence similarity searches of GenBank databases using the grainyhead protein sequence as a query. We initially found two murine expressed sequence tag (EST) entries from adult brain and ovary and one human EST entry from fetal brain that were not identical to any previously reported genes, yet shared high degrees of homology with each other and grainyhead. We used the obtained sequences to design murine and human primers and amplified probes from murine adult brain and ovary and human adult brain cDNA. The murine probe from adult brain cDNA was used in a screen of a d17.5 mouse embryo cDNA library to obtain a full-length clone of a novel gene we refer to as MGR (Mammalian grainyhead) due to its sequence and functional homology and similar expression pattern to that of the fly gene (Figs. 1A, 4A, 6 and 7). The human probe derived from adult brain cDNA was used to obtain a full-length cDNA clone from a human fetal brain library. Amino acid sequence comparison reveals this to be the human homologue of MGR with 94% identity at the amino acid level (data not shown). The sequence of this isoform of human MGR was later deposited in the database as LBP-32 (Huang and Miller, 2000) .
The murine probe derived from ovary cDNA was used in a screen of a murine teratocarcinoma cell line (P19) cDNA library to obtain a full-length clone of a novel gene distinct from, but highly related to MGR, which we have named Brother-of-MGR (BOM) (Fig. 1B) . The homology between MGR and BOM suggests that, analogous to CP2 and LBP1a, MGR and BOM arose through gene duplication.
The human homologue of BOM was obtained using primers derived from a high throughput genome sequencing (HTGS) database entry with homology to murine BOM. These were used to amplify a probe from a human placental cDNA library that was then screened to yield a full-length human cDNA clone. Amino acid sequence comparison between murine and human BOM revealed 94% identity (data not shown).
The sequence alignments between grainyhead, MGR, BOM, CP2 and LBP-1a reveal that MGR and BOM are more closely related to grainyhead than the previously identified homologues CP2 and LBP-1a (Table 1) . This homology is particularly evident in the DNA binding and dimerisation domains emphasising the importance of protein/protein and protein/DNA interactions for the function of these factors.
Identification of a second isoform of MGR
A striking feature of the alignment between MGR and BOM was the absence of a MGR domain corresponding to the first 93 amino acids of BOM (Fig. 1B) . In view of the presence of tissue-specific isoforms of grainyhead, we postulated that similar species might exist for MGR. Sequence similarity searches of the EST database using the 5 0 end of BOM as a query revealed the presence of a highly similar, but non-identical sequence in an EST from mouse kidney. The most 3 0 30 nucleotides of this EST was identical to 30 nucleotides close to the 5 0 end of MGR.
Based on this, we designed primers from the kidney EST and MGR cDNA sequences and amplified a product of the predicted size from murine kidney cDNA. A similar product was also amplified from human kidney cDNA. Amino acid sequence analysis of the murine product revealed that it was highly homologous to the 5 0 end of the BOM protein and contiguous with the MGR open reading frame. However, it lacked the first 11 amino acids of our previously isolated MGR clone suggesting the presence of alternate splicing ( Fig. 2A) . To examine this, we isolated and mapped the murine MGR genomic locus. As shown in Fig. 2B , the first three coding exons in the locus are exclusive to the p70 isoform of MGR. In contrast, the shorter isoform of MGR's (p61) first coding exon is absent in the p70 isoform. Significantly, the 5 0 end of this exon lacks a splice acceptor site explaining its absence from the longer isoform (data not shown). Instead, promoter sequences with a clear TATA box and CAP site are evident in close proximity to the translation initiation site (Fig. 2C ). Subsequent mapping of the human genomic locus revealed that murine exon four was conserved in the human p70 protein but was absent in the 49 kDa isoform of MGR (data not shown).
The first three exons of the MGR genomic locus encode a transcriptional activation domain
Although significant sequence homology exists between grainyhead and the shorter MGR isoforms and p70 MGR, the isoleucine rich transcriptional activation domain identified in the fly protein is not conserved. Examination of the MGR coding sequences failed to reveal a region homologous to other known transactivation domains. In view of the high degree of conservation of the first three coding exons of p70 MGR and BOM, we postulated that this could be the functional domain responsible for activation. To address this, we subcloned the cDNA fragment encoding the first 93 amino acids of human p70 MGR (encoded by the first three exons) in frame with the GAL4 DNA binding domain in a mammalian expression vector. We also cloned in the comparable region of BOM and the full-length p49 MGR cDNA in frame into this vector. These plasmids were cotransfected into the human 293T cell line with a reporter plasmid containing five concatamerised GAL4 DNA binding sites upstream of the chloramphenicol acetyltransferase (CAT) gene. The vector containing only the GAL4 DNA-BD or containing the VP16 activation domain fused to the GAL4 DNA-BD served as the negative and positive controls, respectively. As shown in Fig. 3 , transcriptional activation of the CAT gene was observed with VP16, p70
MGR and the BOM containing plasmids. No activation was observed with p49 MGR or the empty vector. These findings confirm the presence of a highly conserved activation domain in the p70 MGR and BOM that is lacking in p49 MGR.
Expression of the short isoform of MGR, BOM and p70 MGR during murine development
To determine whether differences existed in the expression patterns of the short isoform of MGR, BOM and the p70 MGR during murine development, we performed in situ hybridisation analyses on embryos at various time points. As shown in Fig. 4A (left panel), p61 MGR expression closely mirrors that of the Drosophila factor grainyhead in the early embryo being observed predominantly in the epidermis. p70 MGR is also expressed predominantly in the skin during early embryogenesis ( 
Expression of p49 MGR, BOM and p70 MGR in adult human tissues
Our initial attempts to evaluate the expression patterns of the human grainyhead-like factors by Northern analysis and and aligned with cDNA sequences. Murine genomic clones were obtained from a 129 library and mapped by Southern analysis and PCR. Exons are denoted as E1-8 in human and E1-9 in mouse. The two human MGR isoforms are denoted as p70 and p49 MGR and the two mouse isoforms as p70 and p61 MGR. The scale of 1 kb is shown. (C) Identification of the murine p61 MGR promoter. Sequence was obtained from intron three from the MGR genomic locus and analysed using the weight matrices of Bucher (1990) . The CAP site, TATA box and GC box are indicated. The cDNA start site is shown in arrows, the first ATG is given in bold and the splice site at the end of the first exon of p61 MGR is indicated.
RNAse protection were unsuccessful due to extremely low levels of transcript. We therefore utilized reverse transcription-polymerase chain reaction (RT-PCR) with primer pairs specific for the p70 MGR and BOM that are highly conserved between mouse and human. In contrast, the first exon of murine p61 MGR is absent in human p49 MGR and so the primer pair used for that PCR amplifies both p49 and p70 MGR cDNAs. As shown in Fig. 5 , BOM is highly restricted in its expression pattern, with significant expression in placenta, brain and kidney only. Weak expression was also seen in prostate and pancreas. Interestingly, this pattern is significantly different to that observed during mouse embryogenesis, with only kidney expression common to both. p70 MGR was more widely expressed, with strong signals observed in brain, pancreas, tonsil, placenta and kidney and weaker expression in several other tissues. p49 MGR also displayed an interesting tissue distribution with significant expression observed in brain, liver and fetal liver. These signals were specific for p49 MGR as significantly less or no product was observed with these cDNAs and the p70 MGR primers. In contrast, the expression levels detected in placenta, kidney, tonsil and pancreas are identical to those observed with the p70 MGRspecific primers and probably represent amplification of that species.
MGR binds to known Grainyhead binding sites
To determine the extent of the functional homology between Grainyhead and MGR, we initially examined whether the mammalian protein could bind to the well-characterised binding sites for the Drosophila factor in the dopa decarboxylase and PCNA gene regulatory regions (Uv et al., 1997; Hayashi et al., 1999) . Oligonucleotide probes encompassing these sites were incubated with nuclear extract from the human placental cell line JEG-3, which expresses both isoforms of MGR at RNA and protein level (Huang and Miller, 2000 and data not shown) and analysed in an electrophoretic mobility shift assay (EMSA). As shown in Fig.  6A , a specific protein/DNA complex was observed with the PCNA probe in the presence of preimmune sera (lanes 1 and 3). This complex was supershifted with the addition of anti- Fig. 4 . In situ analysis of BOM, p61 MGR and p70 MGR. (A) Sagittal sections from murine embryos at E15.5 dpc were subjected to in situ hybridisation with p61 MGR (left panel) and p70 MGR (right panel) 33 P-labelled antisense riboprobes. (B) Sagittal sections from murine embryos at E15.5 dpc were subjected to in situ hybridisation with BOM 33 P-labelled antisense riboprobes. (C) Sagittal sections from murine embryos at E14.5 dpc (panel 1), were subjected to in situ hybridisation with BOM 33 P-labelled antisense riboprobes. Specific hybridisation to esophagus (E) and lung (L) (panels 2 and 3) and kidney (K) (panel 4) is shown.
p70 MGR specific antisera raised against peptides in the amino terminal region of the protein (lane 4) and ablated with the addition of anti-MGR antisera raised against peptides common to p49 and p70 MGR in the dimerisation domain of the protein (lane 2). Neither antisera crossreacted with BOM (data not shown). Similar results were obtained with the Dopa decarboxylase promoter probe (Fig.  6B ).
MGR binds to the human Engrailed-1 promoter and activates transcription
Many Drosophila genes regulated by Grainyhead have known mammalian homologues. In terms of functional homology, Engrailed-1 (En-1) is one of the best characterised (Logan et al., 1992; Hanks et al., 1998) . Mice expressing Drosophila engrailed in place of En-1 have a near complete rescue of the lethal En-1 mutant brain defect and most skeletal abnormalities (Hanks et al., 1998) . We therefore examined the En-1 promoter for the grainyhead consensus DNA binding sequence derived from a comparison of the Drosophila Ultrabithorax, Dopa decarboxylase and fushi tarazu promoters (Dynlacht et al., 1989) . As shown in Fig. 7A , a highly conserved region was identified in the proximal En-1 promoter. Moreover, this sequence was also largely conserved in the DNAseI footprint attributed to grainyhead in the Drosophila engrailed promoter (Soeller et al., 1988) . We examined the ability of this region of the human En-1 promoter to compete off MGR binding to the Ddc probe ( 
Protein interactions of the grainyhead-like factors
In addition to the existence of specific isoforms, the grainyhead-like factors also achieve functional diversity through the formation of homo-and heteromeric complexes. We therefore examined whether protein complexes could be formed between MGR, BOM and the CP2-like proteins. Our initial studies utilised the yeast two-hybrid assay system to assess these protein/protein interactions. The dimerisation Fig. 5 . Expression of BOM, p49 MGR and p70 MGR in primary human tissues. First strand cDNA transcribed from polyA(1) RNA from multiple primary tissues was used as a template to PCR amplification products using primers specific for S14. Samples were then diluted and re-amplified to give comparable band intensities for the same number of amplification cycles of S14 RNA within the linear range of the assay. Based on the S14 quantitation, comparable amounts of cDNA from multiple primary human tissues were PCR amplified using primers specific for BOM or p70 MGR or primers that amplify both p49 and p70 MGR. These primer pairs all span an intron and thus discriminate between mRNA and genomic DNA derived signal. Twenty-five, 30 and 35 cycles of amplification were used. The result from 35 cycles is shown which was in the linear range of amplification. All PCR products were electrophoresed on 1% agarose, transferred to nitrocellulose and probed with an internal radiolabelled oligonucleotide specific for the predicted product.
domains of the four grainyhead-like factors were cloned into a yeast expression vector in frame with the GAL4 DNA binding domain and a second yeast vector in frame with the GAL4 activation domain. The constructs were cotransfected into yeast in various combinations and interactions assessed by activation of a histidine reporter gene and growth on selective media plates. As shown in Fig. 8A , MGR is capable of homodimerisation, as well as heterodimerisation with BOM. Very small colonies of questionable significance were detected with CP2 and LBP-1a. No colonies were observed with an unrelated transcription factor (SCL). Studies with BOM also demonstrated its homodimeric capabilities and confirmed the interactions between BOM and MGR. No significant interactions were observed with CP2, LBP-1a or SCL (Fig. 8B ). Significant activation of the histidine reporter in these experiments was accompanied by concomitant activation of the second reporter, LacZ, with all colonies staining blue with X-gal (data not shown). To confirm the yeast findings, we performed glutathione Stransferase (GST) pull down experiments utilising either 35 S-radiolabelled in vitro transcribed/translated MGR or BOM. As shown in Fig. 8C , MGR was strongly retained on GST-MGR and to a lesser extent GST-BOM. Minimal retention was observed with GST-CP2 and GST-LBP-1a and no binding was seen with GST alone. Similar results were obtained with BOM, with strong binding to GST-MGR and to a lesser extent GST-BOM. Some retention was seen with GST-CP2 but no binding was observed with GST-LBP-1a or GST alone (Fig. 8D) .
Cloning of the novel Drosophila homologue of CP2 and LBP-1a and phylogenetic analysis
Our sequence, expression and functional analyses suggested that MGR represented the closest mammalian homologue of grh and BOM was a highly related member of this arm of the family. However, they also suggested that CP2/LBP-1a and LBP-9 were in a functionally distinct arm of the family. This raised the possibility that an additional Drosophila gene may exist, the homologue of CP2/LBP-1a/ Fig. 6 . p70 MGR binds to Drosophila gene regulatory sequences which bind grainyhead. (A) p70 MGR binds to the Drosophila PCNA promoter. Nuclear extract from the JEG-3 cell line was studied in an EMSA with a PCNA promoter probe in the presence and absence of anti-MGR specific anti-sera. Anti-sera 611 was raised against peptides common to the p70 and p49 MGR proteins in the dimerisation domain and anti-sera 67 was raised against unique peptides in the NH 2 -terminal domain of p70 MGR. The migration of the MGR complex is shown in arrows. (B) p70 MGR binds to the Drosophila Dopa decarboxylase promoter. Experimental conditions were as described for (A). LBP-9. To address this, we screened the EST database using human CP2 as a query and identified a Drosophila entry that differed significantly from grainyhead. Primers derived from this EST were used to amplify a probe from a Drosophila embryo cDNA library, which was subsequently employed to clone a full-length cDNA from a Drosophila head library. The cDNA encodes a novel Drosophila gene that we have called Drosophila CP2 (dCP2). Amino acid sequence comparison between this gene and the mammalian members of the grainyhead-like family revealed that dCP2 aligns more closely to CP2 and LBP-1a than MGR or BOM (Table 2) .
To examine the grainyhead and dCP2-like genes in an evolutionary context, we performed a phylogenetic analysis. We included the previously identified homologues in this family, CP2, LBP-1a and LBP-9, the newly identified genes MGR, BOM and dCP2, as well as another mammalian grainyhead-like gene Sister-of-MGR (SOM) (recently cloned in our laboratory). As shown in Fig. 9 , two distinct branches of this tree exist. The first contains grainyhead and its closest mammalian homologue MGR and the highly related BOM and SOM. The second contains dCP2 and the mammalian CP2, LBP-1a and LBP-9 genes. This evolutionary divergence supports our hypothesis that these factors play distinct roles during mammalian development.
Discussion
These studies describe a new family of transcription factors which are highly conserved from Drosophila to man. The founding member of this family is the Drosophila grainyhead gene, an important factor in developmental patterning in the fly. We have now identified and cloned two novel mammalian members of this family (MGR and BOM) that display highly divergent tissue-specific expres- sion patterns. Sequence analysis, and expression and functional studies indicate that MGR is the closest mammalian homologue of grainyhead (as judged by these criteria) and that BOM arose as a gene duplication of MGR. The previously proposed grainyhead mammalian homologues CP2 and LBP-1a have now been shown to align phylogenetically with another novel Drosophila factor that we have cloned, Drosophila CP2. This implies that two distinct grainyhead-like genes already existed in the last common ancestor of Drosophila and man, perhaps as long as 1 billion years ago.
The importance of grainyhead for developmental processes in Drosophila is well characterised, with roles identified in dorsal/ventral patterning in early embryogenesis and central nervous system (CNS) and cuticle development at later stages (Bray and Kafatos, 1991; Huang et al., 1995; Liaw et al., 1995) . The expression and functional studies of MGR suggest that it plays an equally important role in mammalian development. The predominant expression of murine MGR in skin mirrors that of grainyhead. Interestingly, we were unable to demonstrate MGR expression in the developing mouse brain in our in situ analyses. -1a) or GST alone were expressed in E. coli and 1 mg of protein bound to glutathione-Sepharose beads. The fusion proteins coupled to the beads were then incubated with 2 ml of 35 S-labelled in vitro translated p49 MGR in binding buffer for 1 h at room temperature (see Methods). The beads were spun and the non-binding supernatant (labelled as flow through -F/T) was collected. After extensive washing, the GST-fusion protein coupled beads were mixed with sodium dodecyl sulfate (SDS) loading buffer and subjected to SDS-PAGE (labelled GST-beads). The unbound flow throughs were also electrophoresed (labelled flow through -F/T). The migration of the p49 MGR load is labelled. (D) GST chromatography with radiolabelled BOM. The experimental details are identical for (C) except that 35 S-labelled in vitro translated BOM was used. We are unsure whether this indicates that MGR is expressed in only a small subset of cells in this organ, which we were unable to detect or whether one of the other highly related family members fulfils the function of grh in the embryonic mouse brain. Our studies of human tissues, which demonstrated MGR expression in both fetal and adult brain by RT-PCR suggest that the former hypothesis is likely. The additional tissues expressing MGR that were identified in humans again may reflect the relative sensitivities of the assays or alternatively the differences in embryonic versus adult expression. At a functional level, MGR is able to bind to grainyhead binding sites in Drosophila gene regulatory sequences and to the promoter of the human En-1 gene, a homologue of one of the key developmental genes regulated by grainyhead (Soeller et al., 1988) . Studies of the engrailed genes in a wide variety of organisms have indicated that the skin and CNS are the predominant sites of expression. It is therefore likely that MGR plays a key role in the regulation of these genes (Logan et al., 1992; Hanks et al., 1998) . The divergent developmental roles of grainyhead are due, in part, to the presence of tissue-specific isoforms, which are generated through alternate splicing. These isoforms have different functional roles that extend beyond their cellular distribution. Although the effects of the alternate splicing are subtle in terms of protein structure with the insertion of two exons adjacent to the DNA binding and dimerisation domains, conservation in distantly related Drosophila species coupled with the lethal phenotype observed with loss of one isoform emphasises their importance (Uv et al., 1997) . A large number of transcription factors that control diverse developmental processes are known to be expressed as families of protein isoforms encoded by alternatively spliced mRNAs. These protein modulations can influence DNA binding specificity or affinity, generate transcriptional activators or repressors from the same gene, modify protein interactions and alter tissue distribution or stage-specificity (Lopez, 1995 (Lopez, , 1998 . The isoforms of the mammalian members of the grainyhead-like family exhibit many of these characteristics. Splicing variants observed with the CP2 and LBP-1a loci are not tissue-restricted, but do significantly alter protein structure (Yoon et al., 1994) . For example, LBP-1d the isoform derived from the CP2 locus, lacks the exons encoding the DNA binding domain (Yoon et al., 1994; Shirra et al., 1994) . While the functional role of this isoform in vivo is unclear, it is likely that it acts in a dominant negative fashion, interfering with the functions of other isoforms. Analogous to its Drosophila homologue, MGR also exists in different isoforms with diverse tissue distribution and functional properties (Figs. 3 and 4 and Table 2 ). The presence of specific isoforms with distinct expression patterns in the grh-like genes mimics the findings in another family of developmental genes, the Hox genes (Lopez, 1995) . Although most of the Hox isoforms have only small differences in amino acid sequence outside their critical homeodomain and function comparably in vitro, their in vivo effects clearly differ (Busturia et al., 1990) . This is most evident in the Ultrabithorax (Ubx) locus where functional differences amongst isoforms are closely related to their tissue distribution (Subramaniam et al., 1994; O'Connor et al. 1988; Kornfeld et al., 1989) . The importance of the grh isoforms is highlighted by their striking conservation among distantly related Drosophila species (Uv et al., 1997) . This is also true for the MGR isoforms that are largely conserved in mouse and man.
Generation of the shorter isoform of MGR has significant functional consequences with loss of the trans-activation domain. Conceivably, p70 MGR could function as an activator and the shorter species as a repressor in tissues where both forms are expressed. This regulatory mechanism is a feature of many other transcription factors including AML1 (Zhang et al., 1997) , CREB (Descombes and Schibler, 1991), Egr3 (O'Donovan and Baraban, 1999) and Oct-2 (Tanaka et al., 1992) . As the shorter MGR species retains its protein dimerisation and DNA binding properties it could also play a dominant negative role. Precedent for this is observed with a grainyhead mutant lacking the amino-terminal activation domain. Expression of this mutant in Schneider cells inhibits full-length grainyhead site-dependent activation and ectopic expression during fly development leads to embryonic lethality with cuticular defects . Protein binding studies reveal that the mutant protein preferentially forms heteromeric complexes with the full-length grainyhead, blocking the formation of grainyhead homodimers. These heteromeric complexes fail to activate gene expression despite the presence of one functional activation domain . The ability of the short form of MGR to homodimerise or heterodimerise with other members of the grainyhead family may have similar functional consequences, potentially playing a key role in the regulation of BOM and p70 MGR target genes.
The grouping of the grh-like genes into a single family is based on the sequence conservation in the DNA binding and dimerisation domains. This structural homology is conserved from Drosophila to man across the two branches of the phylogenetic tree. Despite this, we were unable to demonstrate significant protein interactions between the grh-like arm and the dCP2-like arm. Although MGR and BOM readily form heterodimers, only minimal complex formation was observed between these factors and CP2/ LBP-1a. This finding is in keeping with previous studies Fig. 9 . Phylogenetic analysis of the grainyhead-like family. Deduced protein sequences of the Grainyhead-like factors were aligned using the Clustal method (Higgins and Sharp, 1989). that showed that GRH and CP2 could not heterodimerise (Uv et al., 1994) . It is also consistent with the sequence comparisons in Table 2 that demonstrate that MGR, BOM and GRH have no significant homology with dCP2 in the dimerisation domain. This finding implies that the range of heteromeric partners both within and outside the family may be different for the two phylogenetic groups.
Experimental procedures
4.1. Cloning of human and murine MGR and BOM and Drosophila CP2
Human p49 MGR was cloned from a fetal brain cDNA phage library in the Lambda ZAP II vector (Stratagene). The cDNA encoding the longer human MGR isoform was amplified by RT-PCR from human kidney mRNA. The cDNA encoding the smaller murine isoform of MGR was cloned from a 17.5-day embryo phage library in the Lambda TripelEx vector (Clontech). The murine p70 cDNA was amplified from murine kidney mRNA by RT-PCR. The human BOM cDNA was isolated from a placental phage library in the Lambda ZAP II vector (Stratagene) and the murine cDNA from an embryonic carcinoma cell line (P19) phage library in the Uni-ZAP XR vector (Stratagene). The murine MGR genomic locus was obtained from a 129SVJ phage library in the Lambda FIX II vector (Stratagene).
Drosophila CP2 was cloned from a head cDNA phage library in the Lambda gt11 vector (a kind gift from Dr Marie Phillips, University of Melbourne).
The GenBank accession numbers for these sequences are:
Human p49 MGR AF411210 Human p70 MGR XP_002272 Human BOM XP_018276 Mouse p70 MGR AF411212 Mouse p61 MGR AF411211 Mouse BOM AF411213 Drosophila CP2 AAL68179
DNA construction and transactivation analysis
Protein domains involved in transcriptional activation were defined using the Mammalian Matchmaker two-hybrid assay kit (Clontech). We engineered EcoRI restriction sites by PCR onto the 5' ends of cDNA fragments encoding the human p49 MGR protein; N-terminal region of the human p70 MGR (aa residues 1-238) and N-terminal part of the human BOM protein (aa residues 1-134). The PCR products were subcloned into the EcoRI site of the pM vector containing the GAL4-DNA binding domain and sequenced in their entirety. The 293T cell line was transfected in duplicate with these plasmids using the calcium phosphate transfection system (Gibco BRL). The pM vector alone and the pM vector containing the VP16 activation domain served as the negative and positive control, respectively. Forty-eight hours later, the amount of CAT produced in each transfected cell line was quantified with the CAT ELISA colorimetric immunoassay kit (Boehringer).
For studies analysing the ability of p70 MGR to transactivate, the human p70 MGR cDNA was subcloned into the mammalian expression vector pCI-Neo as an EcoRI fragment. The proximal promoter region of the Engrailed-1 (En-1) gene, which included the MGR binding site, was linked to a minimal g-globin gene promoter (235 to 132) and a firefly luciferase reporter gene. COS cells were co-transfected with either the minimal g-promoter or the En-1 promoter and pCI-p70 MGR or pCI alone. A Renilla luciferase gene driven off the TK promoter served as an internal control for transfection efficiency. Firefly and Renilla luciferase activity was quantitated after 48 h using a Monolight 2001 luminometer (Analytical Luminescence Laboratories) and the Promega luciferase assay kit.
Transfection results were obtained from at least two independent experiments performed in triplicate with different preparations of plasmid DNA.
Polymerase chain reaction
For RT-PCR, first strand cDNA was prepared from 2 mg of mRNA from primary tissues using random hexamers. Each cDNA sample was appropriately diluted to give similar amplification of S14 RNA under the same PCR conditions. The primer sequences are detailed below. The PCR conditions were 948C for 2 min followed by 35 cycles of 948C for 30 s, 608C for 30 s and 728C for 45 s with a final extension at 728C for 5 min. All PCR products were electrophoresed on 1.5% agarose gels, transferred to nitrocellulose and analysed by Southern blot using 32 P radiolabelled internal oligonucleotides as probes. Membranes were then autoradiographed for 2 h at 2708C.
Primers
The following primers were used to amplify probes for cDNA library screening and for RT-PCR: 
Yeast two-hybrid analysis of protein interactions
For analysis of mammalian protein interactions, indicated fragments of the cDNAs encoding the protein dimerisation domains of CP2, LBP-1a, MGR and BOM were derived by PCR or restriction digest and cloned into pGAD424 (a GAL4 transactivation domain vector-GAL4AD) (Clontech). The PCR fragments were sequenced in their entirety and the restriction fragments were sequenced across the fusion junction with GAL4AD. The resulting plasmids were cotransformed into yeast as described previously (Fields and Song, 1989) . Positive interactions met the two criteria of growing on selection media plates and testing bgalactosidase positive. Expression of the various plasmids was confirmed in yeast by Western analysis using antibodies that recognise the GAL4DBD or GAL4AD (Clontech) (data not shown).
Expression of GST fusion proteins and affinity chromatography
Human p49 MGR, BOM, CP2 and LBP-1a cDNAs were cloned in frame with the GST coding sequence in the pGEX vectors (Pharmacia). The GST fusion proteins were expressed in the Escherichia coli strain, BL21. Fusion proteins were purified on glutathione-Sepharose (Pharmacia) and their integrity confirmed with Coomassie staining after sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). For in vitro protein/protein interactions assays, 1 mg of GST or GST fusion protein was incubated for 1 h at 48C with 10 ml glutathione-Sepharose beads, which had been preblocked with 0.5% milk. After extensive washing, the beads were resuspended in 200 ml binding buffer (10 mM Tris.HCl, pH 7.9/500 mM KCl/ 0.1 mM ethylene diammine tetraacetic acid (EDTA)/ 150 mg/ml bovine serum albumin (BSA)/0.1% Nonidet P-40/10% glycerol) and incubated for 1 h at room temperature with 35 S methionine labelled MGR or BOM. After extensive washing, retained proteins were eluted by boiling in SDS loading buffer and analysed by SDS-PAGE and autoradiography (Amrolia et al., 1997) .
Murine whole mount in situ hybridisation
Embryo sections were prepared as previously described. Briefly, C57/BL6 mice, overdosed with ketamine and rhompin, were perfused intracardially with paraformaldehyde and the embryos from timed matings were postfixed in a similar solution. Sections of 10-14 mm were cut with a cryostat, mounted on glass slides, and stored at 2208C. These slides were subsequently probed with sense and antisense riboprobes, generated by 33 P UTP labelling from TOPO 2.1 plasmids containing either a fragment of the p61 MGR cDNA encoding exon 1, the region of the p70 MGR cDNA encoding exons 1-3 or a fragment of the BOM cDNA encoding exon 4. Specific signals were developed by dipping the slides in NTB2 emulsion (IBI Eastman Kodak, New Haven, CT) and exposed at 48C for 1-2 weeks. The sections were counterstained using 0.1% toluidine blue in distilled water and analysed by phase contrast microscopy (Zindy et al., 1997) .
Electrophoretic mobility shift assays
EMSA were performed as described previously (Jane et al., 1995) with the following oligonucleotide probes (sense strand only given): Drosophila dopa decarboxylase promoter (Uv et al., 1997 ) -GGTGGTGCTCTAATAACCGGT-TTCCAAGATGCGC; Drosophila PCNA promoter (Hayashi et al., 1999) -GGGTAAAAAGTGTGAACAATCA-AACCAGTTGGCA, human Engrailed-1 promoter (Logan et al., 1992 ) -GGACACACACCCAAACCCACACCCAC-CCACAAACACACAAACCGGCAGTGACAACAACC-ACCCATCCTTCAATAACAGCAACCA. In some assays, anti-MGR polyclonal antiserum was included in the reaction mix. Two anti-sera were used for this purpose: anti-sera 611 -raised against peptides common to the p70 and p49 MGR proteins in the dimerisation domain; and anti-sera 67 raised against unique peptides in the NH 2 -terminal domain of p70 MGR. Nuclear extract for these assays was obtained from the human placental cell line, JEG-3.
